Introduction
Smooth muscle (SM) is a key component of respiratory, cardiovascular, and gastrointestinal systems. Certain disease states arise due to dysfunction in the smooth muscle component and, as yet, such diseases not fully understood; an example is asthma [1] . Technical and ethical difficulties associated with in vivo human research and the maintenance of human primary cells in vitro have significantly limited studies aimed at elucidating the interrelationship between the main cell types and the extracellular matrix involved in such pathologies. In addition, the low availability of human tissue suitable for ex vivo assessment of contractile function has restricted current methods for studying smooth muscle (such as airway smooth muscle; ASM) to those that require ex vivo tissues, animal models or 2D in vitro systems [2] . Conventional 2D culture models represent a non-physiological mechanical environment where contraction is assessed at a single cell level. Ex vivo models replicate the in vivo situation in vitro but these techniques (such as the precision cut lung slice model) are technically challenging, the cell and matrix components cannot be easily manipulated, and the construct is essentially dying during the experiment. Currently available animal models represent poor relevance to human disease and only mimic aspects of the human phenotype [3] .
Tissue engineering principles have been applied to the generation of 3D culture models created using cells in vitro cultured on a 3D scaffold to provide a more physiologically relevant environment than 2D cultures [4] . Natural polymers, such as collagen [5] and gelatin, exhibit high cellular biocompatibility and are more elastic in nature than synthetic polymers (e.g.: poly (ethylene terephthalate) PET) [6] . Electrospinning produces fibrous, porous, 3D scaffolds that resemble the structure of the natural extracellular matrix [7] . Fluorinated alcohols used as electrospinning solvents have been reported to cause denaturation of collagen [8, 9] . As a result, there is little difference between the resultant electrospun collagen fibres when compared to those fabricated from gelatin [10] . Therefore, as an alternative to collagen, electrospinning gelatin is a more cost-effective way of producing scaffolds that are chemically similar to collagen whilst still being biocompatible and biodegradable [11] .
Crosslinking gelatin provides stability against enzymatic degradation, lower water solubility and an opportunity to modulate mechanical properties [12] . Gelatin methacrylate (GelMA), synthesised via a reaction between gelatin and methacrylic anhydride, consists of multiple methacrylamide groups [13] . These can form chemical crosslinks between gelatin molecules in the presence of free radicals from a photoinitiator following light exposure allowing the tuning of the mechanical and degradation properties of the resultant scaffold. GelMA has been utilised in hydrogel cultures [14] [15] [16] , micro-patterning [17] , and 3D-printing [18, 19] . Three dimensional (3D) GelMA hydrogels closely resemble the native extracellular matrix (ECM) due to the presence of cell-attachment and matrix metalloproteinase responsive peptide motifs [20, 21] . GelMA has been used to coat electrospun polycaprolactone fibres [22] and has recently been electrospun into nanofibre scaffolds to investigate wound healing and cutaneous regeneration [23, 24] .
Despite the clear clinical need for more effective therapeutics to treat disease, such as asthma, that involve the SM component, very few new classes of drugs have made it to the clinic over the past 40 years and it is clear that one of the reasons for this is the lack of relevant in vitro and in vivo models [25] . A tissue engineered approach allows the generation of 'living' tissue constructs from both animal (validation), and human cells (relevance) which can be used to accurately measure contraction. One approach to study SMC function is to decellularise native vessels and/or cross-link them for arterial grafting [26, 27] . Although this does provide a native ECM with some preservation of structure and biochemical composition, the acquisition of native vessels for decellularisation is limited and suffers from issues with sample-to-sample variability. In addition, this approach is extremely limited in the study of paediatric disease (due to the lack of tissue donated for research purposes). These aspects limit the application of this approach.
We have previously reported that electrospun PET scaffolds allow control over fibre alignment, allowing the generation of aligned sheets of smooth muscle [7] . Given that the Young's moduli of in vivo SM, such as human arteries, range from 0.1 to 1.0 MPa [28] , which is 100-1000 times lower than values reported for the Young's moduli of synthetic fibrous scaffolds (for example those electrospun from PET exhibiting a Young's modulus of 200-300 MPa [7] ), we set out to develop a GelMA-based model that provides a suitable matrix for culture of SMCs. This presents a standardised culture platform that bypasses the need for native tissue and allows tailoring of the scaffold's mechanical properties. The aim and novelty of this study therefore was to develop an in vitro model of SM that possesses the ability to contract and importantly, to develop a method to directly and quantitatively measure this contractility.
Materials and methods

Synthesis of gelatin methacrylate
Gelatin methacrylate (GelMA) was synthesised following a previously published method [14] . Briefly, 10 g of gelatin (type A 300 bloom) was dissolved in 95 ml PBS at 50°C and stirred for 1 h. Methacrylic anhydride (8.0 ml) was added to the gelatin solution and stirred for a further 3 h at 50°C. PBS (400 ml) was added to the mixture and stirred for an additional 30 min The solution was then transferred into three dialysis membranes (12-14 kDa molecular weight cut-off). The membranes were placed in 3.0 L of distilled water and stirred at 50°C. The dialysis water was changed twice daily for 7 days before the membranes were removed and the solution frozen overnight at -80°C. The frozen GelMA solution was lyophilised and stored at room temperature. The percentage of methacrylation within the synthesised GelMA was calculated using the following equation: . The needle collector distance was 15 cm and the voltage across the apparatus was 15 kV. The collector mandrel was set to spin at a speed of 2000 rpm. Upon completion of electrospinning, scaffolds were cut from the mandrel using a scalpel blade and stored in aluminium foil at room temperature.
Crosslinking of electrospun gelatin scaffolds
Prior to crosslinking the scaffolds, they were first secured in an acetate frame (5star™, Cambridge, UK) using aquarium sealant (Sinclair animal and household care Ltd, Gainsborough, UK) on either side of the scaffold. The acetate frame size was either 23×42 mm with an internal window of 13×32 mm or 25×25 mm with an internal window of 15×15 mm. Once the acetate frames were adhered, individual scaffolds were cut out and left to dry overnight. The gelatin scaffolds were crosslinked with EDC and NHS [29] , whereby a solution of 250 mM 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Applichem, Darmstadt, Germany) and 100 mM N-Hydroxysuccinimide (NHS) (TCI Europe, Zwijndrecht, Belgium) was prepared in distilled water. Ethanol (Sigma Aldrich) was added to the solution until the total volume was 10 times the original volume. Scaffolds were then placed in the EDC/NHS solution for 24 h at 4°C and washed in distilled water (x3) before being lyophilised overnight.
Crosslinking of GelMA scaffolds
Prior to crosslinking, GelMA scaffolds were first secured to an acetate frame (section 2.3). Scaffolds were then submerged in a 1% w/v solution of 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator) in a solvent mix of ethanol and water. Solvent ratios used ranged from 1:0 to 9:1 ethanol:water. Scaffolds were then exposed to UV radiation (0.5 Wm 2 ) for 10 min and washed in PBS three times. The proposed mechanism of the crosslinking process is displayed in; no further crosslinking of the sample occurs when UV sterilised for cell culture due to the wash step removing excess photoinitiator. Samples used for SEM imaging were washed in dH 2 O and freeze-dried prior to analysis. Samples used for cell culture were incubated in antibiotic/antimycotic solution (50 000 units mL −1 penicillin G, 500 
Tensile measurements of GelMA scaffolds
Samples of electrospun GelMA scaffolds were crosslinked in acetate frames (25×25 mm with an internal window of 15×15 mm; the frames were used to prevent shrinkage of the scaffold) as described above. Crosslinked scaffolds were cut away from the edges of the scaffold along the two sides parallel to the fibre direction using a scalpel. Scaffolds were then placed in a TA HDPlus Texture Analyser (Stable Micro Systems Ltd, Surrey, UK) with a 5 kg load cell with the fibre direction parallel to the testing direction. Samples were tested at an extension rate of 6 mm min −1 .
Young's moduli of the samples were calculated from the resultant stress/strain curves. type I bovine collagen (PureCol®, Advanced Biomatrix, San Diego, CA) in PBS) T-25 flasks containing 5 ml AoSMCs media. Flasks were incubated (at 37°C, 5% CO 2 ) for 48 h before the media was changed to remove decellularised tissue and unattached cells; the cells were cultured for a further 5 days before the first passage. Subsequent passages were carried out every 7 days up to passage 3 in collagen-coated flasks; cells were used at passage 2-3.
2.9. PrestoBlue ® cell viability assay AoSMCs cell viability was measured post-seeding on aligned scaffolds using the PrestoBlue® assay at various time points across a 10-day period. Samples were washed with PBS prior to incubation with 1 ml PrestoBlue working solution (10% (v/v) PrestoBlue in HASM culture media) for 10 min at 37°C. PrestoBlue was then collected (100 μl aliquots) and replaced with media and the constructs returned to the incubator. Fluorescence was measured in duplicate on a Tecan Infinite M200 plate reader (Tecan, Reading, UK) using excitation and emission wavelengths of 560/590 nm. Resultant readings were expressed as a percentage of the fluorescence reading at day 0.
Immunocytochemistry
All samples were washed with PBS prior to fixation with 3.8% (w/v) p-formaldehyde for 10 min at room temperature. Samples were permeablised using 0.5% (v/v) Triton X-100 in PBS (5 min, 4°C) then blocked sequentially with 3% (v/v) BSA, 1% glycine (w/v) solution for one hour, followed by 10% (v/v) goat serum solution in PBS for 1 h at room temperature. The following primary antibodies were used at 1:200 dilution in 10% (v/v) goat serum in PBS: α-smooth muscle actin (Alexa Fluor 488-conjugated phalloidin; Life Technologies, Paisley, UK), SM22α (ab14106; Abcam, Cambridge, MA), desmin (D1033; SigmaAldrich, UK), connexin (C6219; Sigma-Aldrich, UK), vinculin (V4505; Sigma-Aldrich, UK) and calponin (ab46794; Abcam, Cambridge, MA). Samples were incubated with the relevant primary antibody at 4°C overnight. Nuclei were stained with Hoechst 33342 at a 1:833 dilution for 10 min (Fisher, UK). Samples were imaged using a Leica TCS SP2 laser scanning confocal inverted microscope (Leica Microsystems Ltd, Milton Keynes, UK) or a Leica DM2500 M fluorescent microscope. Images were then analysed using ImageJ. Nuclei alignment was calculated using particle analysis on binary images of Hoechst-stained cell nuclei. Surface coverage was determined by calculating the fraction of confocal z-stack images that were not stained for SM22α. SM marker positivity was calculated by counting the number of nuclei co-expressing the marker of interest and subtracting from the total nuclei present. Cell density was determined by dividing the number of nuclei visible per micrograph by micrograph area.
Scaffold contraction assays
Samples of crosslinked 10% w/v gelatin or GelMA scaffolds were placed in 6-well plates and sterilised by UV exposure (20 min), followed by incubation in media (60 min, 37°C) prior to cell seeding). Gelatin/ GelMA scaffolds were seeded with AoSMCs at a density of 2×10 5 cells cm −2 and incubated for 10 days at 37°C until confluency. Following incubation, culture media was aspirated and 1 ml serum-free DMEM added to each sample; scaffolds were cut out from their acetate frames and allowing them to be free-floating in the well-plates. Serum free DMEM (1 ml)±smooth muscle contraction agonist, uridine 5′-triphosphate (200 μM UTP) was then added to each sample with minimum disturbance, allowed to equilibrate and imaged using a flatbed scanner at time intervals up to 30 min. Scanned images were analysed using ImageJ which was used to measure the surface area of the construct.
2.12. Direct force measurement of AoSMC-seeded GelMA scaffold contraction using muscle physiology apparatus A force monitoring apparatus design has been previously reported by Dennis and Kosnik [30] , and later adapted to measure the contractile force of cultured skeletal muscle constructs [31, 32] . This was further adapted here to measure uniaxial contractile force. Rectangular GelMA scaffolds (13×32 mm) were prepared, sterilised and seeded with AoSMCs at 2×10 5 cells cm
. Scaffolds were then incubated for 10 days at 37°C until confluence when they were removed from culture media, washed twice with serum-free DMEM and individually placed in an 85-mm petri dish containing a strip of canning wax adhered to the dish surface. Scaffolds were cut away from the acetate frames along the long axis of the scaffold (parallel to fibre direction) using a scalpel. One end of the scaffold was pinned in place by passing a minuten pin through the acetate frame into the canning wax. Serum-free DMEM (5 ml) was added to the dish and the acetate frame was cut away along the long axis to leave the scaffold free floating at one end. A minuten pin adhered to a glass bead was threaded through the underside of the scaffold at the free-floating end, which was then attached to a model 403 A force transducer (Aurora Scientific, Dublin, Ireland) using canning wax. The force transducer was connected to a Powerlab 4/25 T unit with associated software (AD Instruments, Oxford, UK). Force was measured at a frequency of 1 kHz. Once stable, the baseline force of the resting scaffolds was measured for 3 min before the addition of 500 μl of 1 mM UTP in serum-free DMEM (500 μl serum free DMEM in control experiments) using a pipette (disturbance to the scaffolds was reduced to a minimum by careful pipetting). Contraction was then measured continuously for 60 min. 
Statistical analysis
Results
The aim of this study was to develop a novel in vitro model of contractile smooth muscle tissue. We have previously shown that smooth muscle cells follow topographical cues from their environment; when cultured upon aligned electrospun PET scaffolds, the cells quickly formed an aligned population of cells [7, 33] . However, one noticeable feature of these scaffolds was that they were very stiff, with Young's moduli much higher than seen in in vivo muscle tissue [28] . To achieve a contractile SMC construct, we electrospun and crosslinked gelatin-based scaffolds that better mimic the mechanical properties of the extracellular matrix (ECM). These scaffolds were then seeded and cultured with rat aortic smooth muscle cells (AoSMCs), which were used as an exemplar smooth muscle cell type. The ability of these cells to align according to the aligned fibrous nature of the scaffolds, to express proteins associated with SMC phenotype and the ability to measure contraction in response to chemical stimulus is presented here.
Electrospinning aligned gelatin fibre scaffolds
Gelatin was chosen due to its more elastic properties and its chemical similarity to collagen, which has been shown to allow the contraction of smooth muscle cells [34] . Gelatin was electrospun from solutions ranging 6% to 10% (w/v) (figures 1(A), (C) and (E)) to provide the topographical cues we had previously observed important for cell alignment [7, 33] . Scaffolds were crosslinked using EDC and NHS in an ethanol/water mixture with shrinkage prevented by securing the scaffolds in place during crosslinking using acetate frames. SEM images of the electrospun and crosslinked gelatin scaffolds are shown in figures 1(B), (D) and (F).
The average fibre diameter and degree of fibre alignment were analysed for each scaffold. Measurements were taken before and after the scaffolds were crosslinked to assess the effect of crosslinking on the morphology of the gelatin scaffolds. Fibre diameter of gelatin scaffolds increased with increasing concentration of the gelatin solution; 10% gelatin solutions produced fibres with an average diameter of 1.2 μm whereas 8% and 6% produced scaffolds with average fibre diameters of 788 and 286 nm respectively. Crosslinking of these scaffolds significantly affected the average fibre diameter with merging of individual fibres apparent (p<0.0001). In all cases, the average fibre diameter of the 10%, 8% and 6% gelatin scaffolds increased to 1.49 μm, 978 nm and 746 nm, an increase of 20%, 24% and 161% respectively ( figure 2(A) ). All gelatin scaffolds were highly aligned, with 58%, 65% and 43% of fibres within 10°of the mean fibre angle in 10%, 8% and 6% scaffolds respectively which decreased in all cases (to 51%, 48% and 23% respectively) after the crosslinking process ( figure 2(B) ).
Tensile testing was performed on crosslinked 6%, 8% and 10% (w/v) aligned gelatin scaffolds. Representative stress/strain curves for each scaffold are displayed in figure 2(C) . The gradients of these curves were used to calculate the Young's modulus of each scaffold. The stiffest scaffold was that fabricated from 10% gelatin, with a mean Young's modulus value of 3.8±1.7 MPa. The mean Young's moduli of the 8% and 6% gelatin scaffolds were 2.6±0.7 and 1.5±0.8 MPa respectively (mean±SD). There was a statistical difference between the stiffness of the 10% and 6% gelatin scaffolds as shown in figure 2(D) (p<0.05). 3.2. Culture of AoSMCs on gelatin aligned fibre scaffolds The differences seen in crosslinked gelatin scaffold alignment (10%>8%>6%) is reflected in the nuclear alignment of cells cultured upon the scaffolds. AoSMCs were more aligned when cultured on the 10% crosslinked gelatin scaffolds (38% within 10°of the mean) than on the 8% (27%) and 6% (21%) scaffolds ( figure 3(A) ; a high magnification image illustrating nuclear alignment on the fibre scaffolds as identified by Hoescht staining is presented in figure 3(F) ). Due to the increased alignment of cells on 10% gelatin scaffolds, and demonstrating only a slight difference in stiffness compared to the other gelatin scaffolds, the 10% cross-linked gelatin scaffolds were chosen to be used for further cell culture studies.
Cell proliferation on the scaffolds was monitored using PrestoBlue ( figure 3(B) ). Cellular metabolic activity increased steadily over the first 6 days of culture before a large increase between days 6 and 8. Confluency was achieved after 9 days when scaffolds were seeded at a density of 2×10 5 cells cm
. To confirm SM phenotype, cells cultured on the gelatin fibre scaffolds were immunostained and found to express the SM markers SM22α ( figure 3(C) ) and calponin ( figure 3(E) ). Cells also stained positive for the gap junction protein connexin, and negatively for the intermediate filament protein desmin ( figure 3(D) ). Individual focal adhesions were observed in cells stained for vinculin ( figure 3(F) ). Cells exhibited a spindle-like morphology, with most focal adhesions occurring at the spindle poles.
Contraction of AoSMCs seeded on gelatin (10%)
fibre scaffolds Crosslinked 10% gelatin electrospun scaffolds were seeded with AoSMCs at 2×10 5 cells cm −2 and incubated for 10 days before scaffolds were cut away from the supporting acetate frames. The cell-fibre constructs were submerged in media (free-floating) and the cells stimulated with 100 μM UTP and imaged to assess the degree of scaffold contraction. Figures 4(A) and (B) displays images of a cell-seeded gelatin scaffold at times t=0 and t=20 min respectively. By comparing the surface area of the construct across this period, constructs reduced to 90±4.5% (mean±SD) of their original size, and no further contraction was seen after 20 min (figures 4(C) and (D)). Unstimulated controls remained approximately 100% their original size, with insignificant spontaneous contraction observed, throughout the study.
Production of electrospun GelMA fibre scaffolds
Electrospinning of methacrylated gelatin (GelMA) was investigated provide a fibrous matrix with greater Figure 1 . Electrospun gelatin scaffolds pre-and post-crosslinking. Representative SEM images of gelatin scaffolds electrospun from 6%, 8% and 10% w/v gelatin solutions (A, C, E respectively). The scaffolds were then imaged after cross-linking with ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (B), (D), (F). Scale bar=10 μm.
tenability to modulate the stiffness of the scaffold. The degree of gelatin methacrylation can be controlled by the ratio of gelatin:methacrylic anhydride in the initial reaction mixture in addition to length of exposure to UV light and concentration of photoinitiator. GelMA was synthesised in-house and the degree of methacrylation calculated using proton NMR spectroscopy. Comparing the 1 HNMR spectrum of synthesised GelMA to that of gelatin, there are two clear additional peaks in the GelMA spectrum at approximately 5.3 and 5.6 ppm due to the two protons found on the methacrylate vinyl group. The degree of methacrylation was calculated using a previously published method [18] . The peak at 0.84 ppm can be used as a reference peak ascribed to the hydrophobic side chains of valine, leucine and isoleucine; the integration of this peak (I 0.84 ) corresponds to 0.3836 mol/100 g (sum of known composition of these amino acids in gelatin). The total amount of available amine groups in gelatin is equal to 0.0385 mol/100 g. Therefore, the percentage of methacrylation within the synthesised GelMA can be expressed using the following equation:
.6 ppm 0.3836 0.84 ppm 0.0385 100
Using this equation, the percentage of methacrylation was calculated to be 81.0%.
The synthesised GelMA was electrospun using a 10% (w/v) solution as for the gelatin scaffolds ( figure 5(A) ). SEM image analysis was used to determine the average fibre diameter (297.4±101.1 nm (mean±SD) and degree of fibre alignment (50% of fibres within 10°of the mean fibre angle) of the electrospun scaffolds. Distribution curves of the fibre diameter and angle are displayed in figures 5(B) and (C) respectively. GelMA scaffolds were cut and adhered to acetate frames before being crosslinked using UV light in the presence of a photoinitiator (1% w/v solution of 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone). To prevent the GelMA scaffolds from dissolving during the crosslinking process, taking into account a single intensity UV lamp was used, a number of solvent mixtures were investigated. These ranged from pure ethanol to a 9:1 ethanol:water mixture. Scaffolds would not crosslink in pure ethanol and dissolved in solutions containing greater than 10% H 2 and 10% water in ethanol solutions respectively ( figure 5(D) ). Scaffolds crosslinked in 10% H 2 O in ethanol were significantly stiffer than those crosslinked in 5% and 2.5% H 2 O in ethanol solutions (p<0.01). Scaffold opacity increased with increasing crosslinking solution water content ( figures 5(E)-(G) ). In addition, the failure rate of the scaffolds during post-crosslinking washing was much higher when crosslinking in 2.5% H 2 O in ethanol. Individual fibre analysis post-crosslinking was not possible due to a lack of fibre resolution; fibres appeared to merge together during crosslinking although the aligned fibre morphology was evident when crosslinked in 5% and 10% H 2 O in ethanol solutions ( figures 5(H), (I) ). Due to the high failure rates of 2.5% H 2 O in ethanol-crosslinked scaffolds and the significantly higher Young's modulus of the 10% H 2 O crosslinked scaffolds, scaffolds crosslinked in 5% H 2 O in ethanol were chosen for the cell culture studies.
Culture of AoSMCs on GelMA scaffolds
AoSMCs were cultured on crosslinked aligned GelMA scaffolds for a period of 10 days, during which cellular metabolic activity was monitored using the PrestoBlue® assay. Cell metabolism increased steadily throughout the 10-day period ( figure 6(A) ), indicating cell proliferation over this time. Samples were fixed after 10 days and stained for the SM markers SM22α and calponin, and for the gap junction protein connexin (figures 6(B)-(D) respectively). Samples stained positive for all markers and stained negatively for desmin ( figure 6(D) ). Unlike AoSMCs cultured upon gelatin fibre scaffolds, those cultured upon GelMA fibre scaffolds did not stain positively for vinculin, with no clear focal adhesions present. Cell alignment on GelMA scaffolds was similar to the degree of alignment achieved on 8% and 6% gelatin scaffolds, with 23% of nuclei oriented within 10°of the mean ( figure 6(E) ). A comparison of the morphological and mechanical properties of the scaffolds produced and smooth muscle ECM is shown in table 1. the study. This level of contraction was higher than witnessed in the AoSMC-seeded gelatin scaffolds (reducing to 90±4.5% of their original size). Following these results, the direct force measurement (using a force transducer) of AoSMC-seeded GelMA construct contraction was measured. AoSMCs were cultured upon crosslinked GelMA scaffolds for 10 days. After this culture period, constructs were cut from their acetate frames and attached to the force transducer ( figure 7(E) ). Once attached, the force was allowed to stabilise before recording started. The stable force reading was measured for 3 min before the constructs were stimulated with 100 μM UTP. Control studies were stimulated with serum-free DMEM. An increase in force was detected within seconds of adding the agonist solution and continued to rise quickly for 20 min before slowing. Force measured continued to increase for a further 30 min before beginning to plateau ( figure 7(F) ). The maximal force generated by the AoSMCs constructs ranged from 755.2 μN to 1356.4 μN, with the average max force being 1008.1±251.6 μN (mean±SD). The majority of contraction occurred within the first 5 min following stimulation, with 42±3% of the maximal force measured occurring within this time; 60±4% measured 10 min following stimulation and 95±2% after 40 min stimulation.
Discussion
The aim of this study was to develop an in vitro model of SM that possesses the ability to contract. This study explores the production of a range of electrospun crosslinked gelatin scaffolds which possess elastic properties and an aligned fibrous morphology to serve as a topographical cue to the cells. Primary rat aortic smooth muscle cells (AoSMCs) were explored as a model smooth muscle cell type, and the contraction of the cell-scaffold constructs in response to agonists were measured.
Given the wide range of polymers available when electrospinning, fibrous scaffolds can possess Young's moduli ranging from a few hundred kPa [35] to several hundred MPa [36] . This wide range in stiffness can greatly impact attachment [37] , proliferation [38] , and differentiation [39] of mammalian cells cultured upon them. It was therefore important to choose a material with mechanical properties that closely match the mechanical properties that cells experience in vivo to produce tissue constructs with functional outputs (such as contraction). In this study, the contractile behaviour of AoSMCs cultured upon electrospun scaffolds was explored. In addition, using the scaffold that supported SM contraction, the physical force generated during agonist-induced SM contraction was actively measured using muscle physiology apparatus.
In a previous study, HASM cells were cultured upon electrospun PET scaffolds for up to 14 days and expressed markers of a contractile SM phenotype [7] . In addition, we showed that HASM cells rapidly aligned on these scaffolds following the topographical cues from the fibres. However, the Young's modulus of in vivo SM is much lower than the Young's moduli of the PET scaffolds (200-300 MPa). For example, the Young's moduli of human arteries and porcine bronchi range from 0.1 to 1.0 MPa and 0.35 to 1.35 MPa respectively [28, 40] . These values are 100 to 1000 times lower than the values obtained for the PET scaffolds although some caution must be taken when comparing such values and native and synthetic materials are likely to have different porosities. As a result, a much less stiff material was required to provide suitable mechanical properties that would facilitate SM contraction. Gelatin was investigated, which is biocompatible, chemically similar to collagen, inexpensive, and possesses favourable mechanical properties.
Gelatin fibrous scaffolds were successfully fabricated using electrospinning. The fibre diameter increased with increasing gelatin concentration and ranged from 286 nm to 1.24 μm, a range similar to previously published work when similar concentrations of gelatin in fluorinated alcohols were electrospun [10, 38] . When gelatin is electrospun using aqueous solutions, much greater concentrations (30%-40% w/v) need to be used to achieve similar sized fibres [12, 41] . This once again illustrates the effect that different electrospinning parameters (e.g.: solvent used) can have on the resultant fibres [42] . Scaffold fibre alignment was high for all scaffolds fabricated. Image analysis of the scaffolds after crosslinking showed that scaffolds appear slightly less uniform and the degree of alignment had decreased slightly. This is due to several fibres merging together during crosslinking as crosslinks formed between fibres, also leading to a reduction in visible pores between fibres; however, the aligned fibrous topography of the scaffolds remained. Crosslinking also resulted in an increase in fibre diameter in all of the gelatin scaffolds; this has also been reported by Zhang et al [12] , who crosslinked gelatin scaffolds with EDC and NHS at 25 mM EDC. Fibre swelling, due to absorption of water, has also been reported when crosslinking gelatin scaffolds with genipin [41] . In this case, the crosslinked scaffolds appear to behave like a hydrogel, swelling in size with reduced stiffness, whilst retaining their fibrous structure. Zhang et al also found that when wet, the Young's modulus of crosslinked gelatin scaffolds dramatically decreases [12] . As the scaffolds produced in this study were to be used for cell culture, only the wet state Young's modulus was measured, which ranged from 3.80 to 1.54 MPa- values similar in magnitude to those measured by Zhang for similar sized scaffolds. Future work will determine the mechanical properties of individual fibres using atomic force microscopy to identify the forces experienced by individual cells [43] .
Scaffolds spun from 10% w/v gelatin solutions were chosen to assess cell attachment, proliferation and phenotype. AoSMCs displayed high alignment when cultured upon the scaffolds. Cells achieved confluency over 9 days with increasing metabolic activity over the same period, signifying that cells were proliferating on the scaffolds. Immunostaining for SM22α and calponin showed that both proteins were present, in addition to illustrating the aligned, spindleshaped morphology of the cells, all of which are indicative of a contractile SM phenotype. In addition, cells stained positive for the gap junction protein connexin, with gap junctions visible between cells. Focal adhesions were also seen on scaffolds, with cells staining positive for vinculin. Once again, cells stained negative for desmin. Vascular smooth muscle cells possess little to no desmin, with vimentin being the key constituent of intermediate filaments [44] .
Few studies have investigated the contractile force generated by seeding SM cells onto materials [2, 45, 46] . Very few have directly measured this force, and those that did were carried out on cell-seeded collagen hydrogels [47] . In this study, cell-seeded constructs were stimulated with 100 μM UTP and imaged periodically to measure scaffold contraction. Scaffolds reduced in size by an average of 9.5% over 20 min following stimulation relative to unstimulated controls. Although the level of contraction was small, it was deemed possible to create AoSMC-seeded electrospun aligned scaffold constructs that contract by reducing scaffold stiffness further.
Due to the multiple ways in which the mechanical properties of GelMA hydrogels can be manipulated, GelMA was considered as an attractive material that could potentially produce electrospun scaffolds with Young's moduli lower than those seen in the gelatin scaffolds by varying the degree of cross-linking. Cells were also stained for desmin (D) and vinculin (C) (both red). All samples were additionally stained with Hoechst 33342 (blue). Scale bar=100 μm. (E) Samples were fixed after 10 days and cell nuclei stained. Image analysis of stained samples was carried out in order to determine cell alignment (n=6). GelMA was successfully synthesised following a previously published method [14, 17] . The level of GelMA crosslinking can be controlled by the initial level of methacrylation, the amount of photoinitiator used, the length of UV exposure and the solvents used in the crosslinking process. Following synthesis, the degree of methacrylation of gelatin was calculated using NMR spectra and found to be approximately 80%. This level of methacrylation matches previously published calculated values for the same gelatin: methacrylic anhydride ratio (degree of methacrylation of ∼70%-80%) [14, 17] . Synthesised GelMA was electrospun at a concentration of 10% w/v generating aligned fibres around 300 nm in diameter, which were much thinner compared to gelatin fibres electrospun from the equivalent concentration (average diameter of 1.2 μm). This is most probably due to a change in the overall net charge of the molecule during GelMA synthesis, whereby consumption of the majority of free amines by methacrylation (and no change to the number of free carboxylate groups) led to an increased negative charge at neutral pH due to the presence of deprotonated carboxylic acid groups [48] . This in turn affected the conductivity of the electrospinning solution, leading to thinner fibres. A crosslinking method had to be developed where the scaffolds retained their fibrous architecture whilst submerged in a photoinitiator solution. Previous studies have crosslinked GelMA hydrogels in PBS [14, 17, 18] , but this was not possible with the electrospun scaffolds due to the high solubility of these GelMA fibres upon contact with aqueous solutions. In order to overcome this issue, the EDC and NHS gelatin crosslinking method was adapted [12] , which utilises a 9:1 ethanol:water mix for crosslinking. A range of ethanol:water mixtures were investigated for use as the solvent for the photoinitiator solution. Mixtures with a water content higher than 10% (v/v) caused the scaffolds to dissolve, and those with a water content of less than 2.5% failed to sufficiently crosslink scaffolds under UV light, leading to dissolution of the scaffolds upon washing with PBS. By changing the ethanol to water ratio it was possible to partially control the level of GelMA crosslinking and, as a result, the mechanical properties of the scaffolds. Young's moduli of the scaffolds ranged from 142 kPa (2.5% water) to 451 kPa (10% water) which was in line with values published for human arteries (0.1 to 1.0 MPa [28] ). SEM images of crosslinked scaffolds suggested that scaffolds appeared to lose their porous structure due to fibre swelling upon crosslinking, but the aligned fibrous topography of scaffolds was still visible.
AoSMCs were cultured upon GelMA scaffolds crosslinked in a 5% water in ethanol solution. These scaffolds were chosen for further cell culture experiments due to their low Young's modulus and high crosslinking success rate relative to 10% and 2.5% (crosslinking solution water in ethanol) respectively. As with gelatin scaffolds, cells proliferated on the surface of the GelMA scaffolds over a 10 day period and aligned upon the scaffolds, indicating that the surface topography of the scaffolds remained sufficiently intact after crosslinking to provide mechanical cues to the cells. The degree of nuclear alignment was lower when cells were cultured on the GelMA scaffolds than on the PET scaffolds (23 versus 49% of cells within 10°o f the mean; [7] ), which correlates with the loss of alignment seen when crosslinking the GelMA scaffolds. AoSMCs once again stained positive for SM22α, calponin and connexion. Unlike when cultured on gelatin scaffolds, AoSMCs on GelMA scaffolds showed no clear positive staining for vinculin, signifying that no focal adhesion points could be identified. It has been previously documented that the level of vinculin bound to the cytoskeleton, and the amount of vinculin localizing at focal adhesions is larger on stiffer surfaces than on more elastic ones [49, 50] . The difference in stiffness between the GelMA and gelatin scaffolds could therefore be the reason why no vinculin localisation was seen on the GelMA scaffolds. As previously attempted with the gelatin scaffolds, AoSMCs were cultured upon square crosslinked electrospun GelMA scaffolds for 10 days prior to contraction studies. When stimulated to contract with 100 μM UTP, the AoSMC-seeded GelMA constructs reduced in surface area by an average of 22% due to AoSMCs contraction. Since this level of contraction was higher than that seen in AoSMC-seeded gelatin constructs, GelMA scaffolds were chosen to be used for the measurement of the physical force exerted by SM cells during contraction. AoSMCs were seeded on crosslinked GelMA scaffolds and cultured for 10 days to achieve a confluent layer of cells. These constructs were then attached to the force transducer and stimulated with 100 μM UTP; these constructs contracted instantly and generated average maximal forces in the region of 1000 μN. Although electrospun gelatin scaffolds have been used to produce contractile tissues such as cardiac [35] and skeletal [43] muscle previously, this is the first time that SM contraction has been assessed using electrospun scaffolds. In addition, this is also the first time that the physical force of contraction from any cell type has been directly measured on electrospun scaffolds. In addition, the ability to modulate the stiffness of the scaffold allows the impact of matrix stiffness, relevant in the study of inflammatory diseases such as asthma where tissue remodelling occurs, upon cell phenotype and function to be studied.
Conclusions
This work represents the first time that the contractile forces generated by a confluent, aligned sheet of SM cells cultured upon gelatin based electrospun scaffolds have been directly measured. We also describe novel methods for the crosslinking of electrospun GelMA scaffolds. Using these methods, the mechanical properties of the GelMA scaffolds were manipulated by controlling the amount of water in the ethanol based photoinitiator solution. SM cells readily attached to, proliferated and aligned upon both gelatin and GelMA fibrous scaffolds, expressing contractile SM markers in all cases. SM cells were able to contract both gelatin and GelMA scaffolds, with greater contraction seen on the less stiff GelMA scaffolds. This in vitro model of contractile smooth muscle holds great potential for the study of disease arising from matrix remodelling and in the discovery of new therapeutic entities to treat such diseases.
